We study an extended Standard Model with a gauged U(1) flavor symmetry, motivated not only by the fermion mass hierarchy but also by the excesses in B → K ( * ) ll reported by the LHCb collaborations. The U(1) charges are assigned to quarks and leptons in a flavor-dependent manner, and flavored Higgs doublets are also introduced in order to detail the Yukawa couplings at the renormalizable level. Then, the fermion mass hierarchy is realized by the vacuum alignment of the Higgs doublets. In this model, flavor-changing currents involving the gauge boson of U(1) and the scalars generated by the Higgs doublets are predicted and the observables in the B → K ( * ) ll process possibly deviate from the Standard Model predictions. We study the possibility that these new flavor-changing interactions can explain the excesses in the B → K ( * ) ll process, and we derive some predictions for the other flavor-violating processes based on the analysis. We specifically investigate the ∆F = 2 processes and the other B decays: e.g., B → X s γ and B → D ( * ) τ ν, where the deviations are reported by the Belle and BABAR collaborations.
INTRODUCTION
The fermion mass hierarchy and the flavor mixing in the Standard Model (SM) are mysteries in elementary particle physics, the origin of which one would like to understand. Top quarks are much heavier than other fermions, and bottom quarks and τ leptons are also relatively heavy. On the other hand, electrons and up and down quarks are much lighter than the other particles. Three active neutrinos are much lighter than even electrons. Not only the mass spectra but also the flavor mixings show interesting patterns. Flavor mixing in the quark sector shows hierarchical structures, whereas those in the leptonic sector show large mixings.
This hierarchical structure in the mass spectra may be a hint of new physics beyond the SM. One well-known solution to explain the mass hierarchy is the Froggatt-Nielsen (FN) mechanism [1] . In this mechanism, flavor-dependent U(1) symmetry is assigned to the SM fermions and the fermion mass hierarchy is realized by flavor-dependent suppressions generated by the flavor symmetry. The suppressions come from nonrenormalizable higherdimensional operators, and the charge assignment of U (1) is nontrivial. This mechanism is, however, known to explain the hierarchy and the flavor mixings well [1] .
Inspired by the FN mechanism, we construct a model with U(1) flavor gauge symmetry. In our model, we also introduce flavored Higgs doublet fields charged under the U(1) , and we then detail the Yukawa couplings to generate the quark and the lepton mass matrices at the renormalizable level. Then we propose that the vacuum alignment of the Higgs doublets is the origin of the fermion mass hierarchy. Note that we can derive a setup similar to the FN mechanism, integrating out the extra Higgs fields, so our setup proposes the origin of the higher-dimensional operators in the FN mechanism.
On the other hand, several excesses have been reported in the B decays by the LHCb Collaboration. One is the lepton universality in B → Kll (l = e, µ) [2] , while another is the angular distribution of B → K * µµ [3, 4] . The global fitting analysis on the relevant Wilson coefficients has been done, including the B → X s γ process. Interestingly, the authors in Refs. [5] [6] [7] [8] [9] suggest the sizable operators
in order to explain the excesses. This may be a hint of the new physics behind the hierarchical structure of the fermion masses.
In this work, we consider a charge assignment that left-handed quarks and µ leptons are charged under U(1) , and we discuss the anomaly at the LHCb. In addition, we can expect that such a large new physics effect contributes to the other observables in flavor physics. We investigate the correlations and predictions in several flavor-violating processes. As the authors of Refs. [10] [11] [12] pointed out, there are correlations between the Z interaction from gauged U (1) and the scalar interaction from the Higgs fields, if we consider an explicit model with U (1) . A large C 9 and C 10 might affect not only B → K ( * ) ll but also the other processes through the scalar interaction. Some of the interesting physical observables are R(D) and R(D * ), which measure the flavor universalities in the B → Dτ ν and B → D * τ ν processes, respectively. The experimental results at the BABAR experiment deviate significantly from the SM prediction [13, 14] . The results reported by the Belle Collaboration [15, 16] are closer to the SM predictions, but we still have great tension between the experimental results and the predictions, so these measurements motivate us to consider new particles that couple to bottom, charm quarks and τ leptons or new physics in a model-independent way . One good candidate is a charged Higgs field, which has been widely discussed [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] and is realized in our model as well. We study the compatibility between the excesses of B → K ( * ) ll and B → D ( * ) τ ν, together with their consistency with B → X s γ.
This paper is organized as follows. In Sec. 2, we introduce our model with the gauged U(1) flavor symmetry, and we present the Z and scalar couplings with the SM fermions. Then, in Sec. 3 we study flavor physics: B → K ( * ) ll, B → D ( * ) τ ν, B → X s γ, and so on. In Sec. 4, we introduce extra fields to make the flavor gauge symmetry anomaly-free, and propose dark matter candidates. Section 5 is devoted to a summary of our results.
FLAVORED Z MODEL
In this section, we introduce our model with a gauged U(1) flavor symmetry under which the SM fermions are charged. The U(1) charges to the SM fermions are summarized in Table 1 and are chosen in a manner such that we can realize the fermion mass hierarchy and the sizable C 9,10 for the LHCb anomalies. In principle, there could be several possible charge assignments. The choice in Table 1 is motivated by the following points:
(a) The charges of the right-handed down-type quarks are universal, and C 9 and C 10 are generated by the flavor-dependent U(1) charges of left-handed quarks.
(b) The lepton flavor-violating processes involving electron, such as µ → 3 e and µ → eγ, are highly suppressed.
Given the charge assignments in Table 1 , we can now detail the Yukawa couplings for the quarks and leptons,
where a and b (A and B) are the flavor indexes: a, b = 1, 2 (A, B = 2, 3). Depending on the actual values of the U(1) charges, q i and q e , there could be additional Yukawa couplings allowed by the full gauge symmetry. We shall assume that the other Yukawa terms are forbidden by the gauge symmetry, adopting appropriate charge assignments for q 3 and q e . Note thatQ
R are the left-handed quarks, righthanded up-type quarks, right-handed down-type quarks, and right-handed leptons in the flavor basis, respectively. The fields in the mass basis are described by u i , d
i and e i and
The charge assignment of the extra U(1) symmetry. a, A and i denote the flavor: a = 1, 2, A = 2, 3 and i = 1, 2, 3. q 2 is defined as q 2 = q 1 + 1. The bold entries "3" ("2") show the fundamental representation of SU(3) (SU (2)) and "1" shows singlet under SU(3) or SU(2).
H is approximate to δ ij λ i H , where λ i H is not large. Let us briefly comment on the origin of such specific mass terms of Higgs fields as well, although it is beyond our scope. As mentioned above, the vacuum alignment in Eq. (6) is given by the masses squared in the scalar potential, so the Higgs masses in Eq. (3) need to be hierarchical. One way to explain the origin of the hierarchical Higgs mass terms is to consider the supersymmetric (SUSY) extension of this model with gauged flavor symmetry. In such a SUSY model, m 2 H i corresponds to the soft SUSY breaking parameters, and they are expected to be generated dynamically. In fact, the nonvanishing D-term of the gauged U(1) flavor symmetry can lead to the hierarchical structure of m 2 H i , according to the flavor-dependent U(1) charges. In addition, the SUSY extension makes our model stable against radiative corrections: there is no quadratic divergence in the Higgs masses. The fine-tuning to realize the EW scale, however, cannot be avoidedeven in the SUSY model-if the SUSY breaking scale is much higher than the EW scale. Depending on the size of v Φ , which is related to the SUSY breaking scale, relaxing the fine-tuning is one of the big issues in our model.
In our study, we do not take into account the origin of m
, so the U(1) charges, q i , q e and q Φ , are free parameters in our setup. In order to evade the strong bound on Z mass and U(1) coupling from the Drell-Yan process and allow A 1,2 terms at the renormalizable level, we define them as (q 1 , q 2 , q 3 , q Φ ) = (0, 1, 3, −1). Note that q 3 forbids the A 3 term at the renormalizable level. We will choose q e , which can enhance B → K ( * ) ll.
The fermion mass matrices
After the EW and U(1) symmetry breaking, the mass matrices for the quarks and charged leptons are generated as follows:
where each matrix,
, is defined as
and 
comes from the contributions of H 1 , and is given by
Using the diagonalizing unitary matrices, the mass matrices are given by
Assuming the hierarchical VEV alignment in Eq. (4), the fermion mass hierarchy can be obtained. For instance, the ratios of the up-type quark masses are approximately evaluated from Y u :
A large tan β and a small , corresponding to a small H 1 , can realize the mass hierarchy in the up-type quark sector. Moreover, a small can explain the mass hierarchy in the down-type quark and lepton sector:
We still need some tuning of the parameters for the hierarchies between strange and down quarks (τ and µ leptons) and, especially, the (1, 2) elements of the Cabibbo-KobayashiMaskawa (CKM) matrix, but this charge assignment and setup can fit the realistic mass matrices to a good approximation, and it can evade the strong constraints from flavor physics suppressing the tree-level flavor-changing neutral currents (FCNCs), as we will see below.
We can also estimate U I L and U I R in Eq. (12) . They are relevant to the FCNC interactions of the Z and scalar bosons. Based on the above discussion, we can estimate the size of each element of the unitary matrices according to the hierarchical structures. Those elements that are important in our study on flavor physics are given by
and
Z couplings
Let us discuss the gauged U(1) interaction in this subsection. Based on Table 1 , the Z gauge couplings in the flavor basis are given by
After the EW and U(1) symmetry breaking, we obtain the mass eigenstates and the Z couplings to the SM fermions in the mass eigenstates are described as
Each coupling in Eq. (18) is defined as
Note that the Glashow-Iliopoulos-Maiani mechanism does not work here for Z gauge interactions, since U(1) gauge symmetry is flavor-dependent in our model. There will be generic FCNC interactions involving Z in the mass eigenstates of the SM fermions.
Based on the estimation of the diagonalizing matrices given in Eqs. (15) and (16), we find that the FCNCs are roughly estimated as
In addition,Ẑ µ mixes withẐ µ , originated from SU(2) L ×U(1) Y , through the mass mixing generated by nonvanishing VEVs of H i . The mixing is suppressed by v Φ and should be tiny in order to evade the strong bound concerned with the ρ parameter. Such a tiny mixing can be achieved by the assumption that v Φ dominates the Z mass (M Z ).
Assuming the U(1) coupling g is comparable with the Z boson coupling, we find that the constraint from the ρ parameter leads to the bound on Λ Z ≡ M Z /g :
when tan β is large. ∆ρ max is the upper bound on the ρ parameter and roughly estimated as O(10 −3 ) [73] . In addition, kinetic mixing between U(1) and U(1) Y is also allowed by the gauge symmetries [74] . This might originate from grand unification or can be generated by the one-loop exchange of extra scalars to the Z -γ (Z) interaction [75] . Even if we tune the kinetic mixing to be vanishing at some scale, the renormalization group (RG) correction would induce the finite mixing, which is linear to g and suppressed by the U(1) Y gauge coupling and the loop factor, at the low scale. The kinetic mixing may cause tension with the EWPOs. The constraint on the kinetic mixing is roughly the same as the mass mixing, so that the kinetic mixing term, Y F µν Y F µν , should be tuned to be below
Z is expected to be, at most, O(10) TeV in order to avoid too large of a RG correction.
Yukawa couplings
After the EW and U(1) symmetry breaking, a number of scalar bosons appear as physical modes from the Higgs fields. In the limit where the scalars of Φ are much heavier than the others, we find two CP -even scalars, h and H, a CP -odd scalar, A, and a charged Higgs fields, H
± . There are also extra CP -even and CP -odd scalars from the fields charged under U(1) , such as the Φ, Φ l , and Φ r introduced in Tables 1 and 4 . Assuming that the mixing between the scalar fields from the Higgs fields and the SM-singlet fields is not significantly large, the Yukawa couplings of these scalar bosons with the SM fermions in the mass basis are given by
where S denotes three neutral scalar fields: S = h, H, A, and H ± denotes the charged Higgs fields.
In our model, each Yukawa coupling is given as follows:
and ) ij , respectively. G ij originates from the flavor gauge symmetry and is described as
where
. Because G ij ∝ δ ij is no longer true in the presence of flavor-dependent U(1) gauge interactions, there appear to be nonminimal flavor-violating scalar interactions, which were first noticed in Refs. [10, 11] . These new interactions are absent in the usual 2HDMs with softly broken Z 2 symmetries, and they could play an important role in understanding the flavor-nonuniversal phenomena through flavor-violating gauge and scalar interactions [10] [11] [12] . Based on the estimation of (U u R ) i3 in Eq. (16), we obtain
Then we find that (Y collaborations reported some excess in B → D ( * ) τ ν [14] [15] [16] . In Sec. 3, we will study this excess together with relevant observables.
Note that the constraint on the EWPOs as well as the Higgs signals has been investigated at the one-loop level in 2HDM with U(1) gauge symmetry, where the Higgs fields are charged under U(1) [72] . The degenerate spectrum of the scalar fields and cos(α − β) ∼ 1 are also required, in addition to the constraint in Eq. (24) . In our analysis of flavor physics, we assume that the scalar fields, except for h, are almost degenerate and cos(α − β) is close to unity.
FLAVOR PHYSICS INVOLVING b QUARK
Based on the setup and interaction Lagrangians derived in the previous section, we shall study the relevant flavor physics: B → K ( * ) ll, the ∆F = 2 processes, B → X s γ, and B → D ( * ) τ ν. The input parameters to be used are summarized in Table 2 .
b → sll and ∆F =2 processes
First, we consider the b → sll (l = e, µ) decays. In this model, tree-level Z exchange diagrams contribute to the flavor-violating processes, b → sll. In the ∆B = 1 effective Hamiltonian, the relevant tree-level contributions are given by
where C l 9 and C l 10 are given by 
(left panel) and q e = −3 (right panel), respectively. The red and blue regions are allowed by the global fits of C and the SM contributions are omitted. g SM is the factor from the SM contribution:
and it is real to a good approximation. We note that the Wilson coefficients in Eq. (37) are flavor dependent. Since we set q 1 = 0 and q 2 = 1, the process b → see is not affected by the Z exchange at the tree level. The process b → sτ τ will be also affected in our model, but we do not consider the processes because of the lack of experimental data. Furthermore, the branching ratio for the process b → sνν can also deviate from the Z coupling, (g ν L ) ij . The current experimental bound is a factor about 4 above the SM prediction [77, 78] . As discussed below, we require that the Z contribution is about 20 % of the SM prediction from the analysis in the b → sll processes. The magnitude of the corresponding Wilson coefficient for b → sνν in the SM is about −6.4, whose absolute value is not so different from the ones for b → sll. Then the bound on new physics for the Wilson coefficient in the b → sνν decays is much larger than the value in the SM; for example, the limit on the Wilson coefficient by new physics is about −23, assuming that the Wilson coefficient is diagonal and identical in neutrino flavor [48] . Thus, we can conclude that our model is surely safe from the current experimental bound in the b → sνν decay.
In the LHCb experiment, a few discrepancies between the experimental results and the SM predictions have been reported in the b → sll decays. One of them is the flavor universality in the B → Kll decays [2] , where the discrepancy in the l = µ and l = e channels is about 2.6σ. Another interesting anomaly which was reported by the LHCb Collaboration is the angular observable P 5 in the B → K * µ + µ − with a 3.4σ deviation [3, 4] .
Motivated by these discrepancies, a lot of new physics scenarios have been proposed -particularly flavor-dependent Z boson scenarios [37, 43, [79] [80] [81] [82] [83] [84] [85] [86] [87] , which is a subject of this work. In order to restrict the Wilson coefficients in Eq. (37), we adopt the results of the model-independent analysis in the framework of global fits in the space of Wilson coefficients to available data on the b → sll decays, which include B → Kll, B → K * ll, B s → φll, B s → ll, and/or b → sγ processes [5] [6] [7] [8] [9] . We take the result in Ref. [9] for C 
at the 1σ (2σ) level, respectively [9] . In Fig. 1 , we depict the allowed region of M Z /g and (g 
The SM contribution C ij,SM 1 is omitted again. We note that, in general, the right-handed Z exchange can also generate the ∆F = 2 process [88] [89] [90] , but the contribution is suppressed by small mixings in (g d R ) ij and (g u R ) ij for q i = 0, as shown in Eqs. (18) and (23) . The heavy Higgs exchange also generates extra contributions, but it could vanish in the SM limit and the assumption of the small scalar mass difference: cos(β − α) = 1 and m H = m A . This condition is required by the EWPOs, as mentioned at the end of Sec. 2.
In the SM, the mass difference of the B 1,2 ≡ (B s ± B s )/ √ 2 mesons is obtained as
where we ignore the small imaginary part in the CKM matrix elements, and the function S(x t ) with x t = m 2 t /m 2 W can be found in Ref. [91] . The QCD correction factor η = 0.551 and f BsB 1/2 Bs = 0.266 ± 0.018 [92] , where f Bs is the decay constant of the B s meson andB Bs is the bag parameter. The averaged value for the measured ∆m s is ∆m s = 17.757 ± 0.021 ps −1 [93] . We note that the uncertainties in f BsB
1/2
Bs dominate over those in other parameters as well as in ∆m s .
In Fig. 1 , the green region is allowed by the ∆m s constraint at the 1σ level. One can find the region which is in agreement with the global fits in the b → sll processes and ∆m s simultaneously for both the q e = 3/2 and q e = −3 cases. However, we find that there is no allowed region for small q e 's: for example, q e = 1/2 at the 1 σ level. For M Z /g ∼ 20 TeV, the upper bound on (g 
for both the q e = 3/2 (−3) cases, respectively. Since the scalar potential in our model is approximated to be the 2HDM at the EW scale, the charged Higgs boson also contributes to the B s -B s mixing through box diagrams [62, 94] . We find that this contribution can be large for a small tan β or a large (G u R ) tc , but it can be negligible for tan β 5 and (G u R ) tc 0.1. In addition to the B s -B s mixing, other ∆F = 2 processes also require the suppressed off-diagonal elements of (g d L ) ij . Assuming that (g d L ) ij has the same phase as (V * ti V tj ) 2 , we obtain the strong bounds on the (d, b) and (s, d) elements of (g
Here, these bounds are given by the requirements that the deviations of ∆M 
In addition, there are box diagrams involving both W and charged Higgs bosons. Those operators modify our prediction given by Z exchange. Those Wilson coefficients are, however, suppressed by the CKM matrix and the fermion masses originating from the Yukawa couplings, even though tan β enhances each coefficient. The dominant contribution appears in C µ LR , which is proportional to the top quark mass and the large G tt . The B → X s γ process, however, constrains G tt and tan β. In addition, the Yukawa couplings of charged Higgs bosons with muons are suppressed by the muon mass. Therefore, we would not expect the coefficients to be sizable enough to change our prediction to B → K * µµ.
B → X s γ
Based on the previous discussion, we study other flavor-violating processes: e.g., B → X s γ and B → D ( * ) τ ν. Specifically, it is known that the former process strongly constrains the extra Higgs contributions.
The branching ratio of B → X s γ has been calculated in 2HDMs [95] [96] [97] [98] . The relevant operators are
where the operators are defined as
In our model, the one-loop corrections involving a charged Higgs appear in C 7 and C 8 :
2 and the loop functions are given by
Note that the SM contributions are C SM 7
. The branching ratio of B → X s γ has been measured and the result is consistent with the SM prediction. If (G u R ) tt deviates from 1, the charged Higgs contributions would change the SM prediction drastically for a large tan β because there is a term linear to tan β in (Y u ± ) ij . In Ref. [98] , the calculation of the SM prediction for B → X s γ has been done at the next-to-next-to-leading-order level. Following that result, we obtain our prediction for this process. In order to survey the allowed region in our model, we consider two parameter choices in this section and the next: In Fig. 2 , we draw the branching ratio for B → X s γ in each case. For this process, an important parameter is (Y
Note that the coupling (Y u ± ) st can vanish for different values of tan β from the cancellation of two terms in Eq. (54), depending on the sign of G ct .
In case (A), we fix tan β to be tan β = 5 (blue line), 10 (red line), and 15 (green line), respectively. The predictions are drawn in the left panel of Fig. 2 . Dashed lines depict the region including the ±1σ error of the SM prediction for each tan β case. The cyan band is the 1σ region of the combined experimental result [93] . In case (A), we can see the cancellation between the terms linear to G tt and G ct in (Y u ± ) st when tan β is around 10. Otherwise, the branching ratio deviates significantly from the experimental result unless m H + is heavier than 500 GeV. The solid gray line draws the prediction of the G ct = −10 −3 case with tan β = 50, which is preferred by the excesses in R(D ( * ) ) (see the discussions in the next subsection). The lower bound on the charged Higgs mass reaches ∼ 1 TeV in this large tan β case. This bound is very strong compared to the one in the type-II 2HDM: m H ± > 480 GeV [98] . This is because there is a tan 2 β enhancement in Eq. (48) . Note that we have ignored the corrections from the light quark masses, so we need to improve the accuracy related to the light quark masses if a light charged Higgs is observed in future experiments.
In case (B), tan β is fixed to be tan β = 3 (blue line), 5 (red line), and 7 (green line) in the right panel of Fig. 2 . The behavior is totally different from that in case (A) because of the negative sign of V ts in (Y u ± ) st . In this case, (G u R ) ct is negative, so both terms in Eq. (54) have the same sign unless tan β is small. As shown in Fig. 2 , tan β 5 realizes
Belle 0.375 ± 0.064 ± 0.026 [15] 0.302 ± 0.03 ± 0.011 [16] BABAR 0.440 ± 0.058 ± 0.042 [13, 14] 0.332 ± 0.024 ± 0.018 [13, 14] LHCb 0.336 ± 0.027 ± 0.030 [99] HFAG 0.397 ± 0.040 ± 0.028 [93] 0.316 ± 0.016 ± 0.010 [93] SM prediction 0.300 ± 0.008 [100] [101] [102] [103] 0.252 ± 0.003 [104] the cancellation in (Y u ± ) st and allows the charged Higgs mass to be as light as ∼ 300 GeV, which is distinctly different from the usual type-II 2HDM.
In the next subsection, we discuss B → D ( * ) τ ν, where the deviations from the SM predictions have been reported in the experiments, as shown in Table 3 . The excess may require a light charged Higgs boson. Therefore, we study the semileptonic B decay, B → D ( * ) τ ν, in each case, and we discuss our predictions of the observables in the processes.
R(D) and R(D * )
Next, we investigate the semileptonic decays, B → D ( * ) τ ν, where the deviations from the SM predictions have been reported in the observables concerned with the lepton flavor universality. The interesting measurements are the ratios of the branching ratios for
In the SM, R(D) = 0.300 ± 0.008 [100] [101] [102] [103] and R(D * ) = 0.252 ± 0.003 [104] . The experimental results and the SM predictions are summarized in Table 3 , where we find that the discrepancies between them are more than 2σ.
The semileptonic b → c decays are given by the following operators:
where C cb SM is the Wilson coefficient in the SM and C cb R,L are generated by the charged Higgs exchange in our model. In Ref. [60] , the following simplified expressions for R(D ( * ) ) were proposed: [15, 16] , BABAR (black) [13, 14] , and LHCb (cyan band) [99] experiments and for HFAG (red) [93] , respectively. The pink lines correspond the SM predictions within 1σ [103, 104] .
where each Wilson coefficient is at the B meson scale [17] . Here, R ( * ) SM are the SM predictions.
Integrating out the charged Higgs in our model, we obtain the relevant Wilson coefficients as Figure 3 shows our predictions of R(D ( * ) ) in cases (A) and (B). We fix tan β = 10 in case (A) and tan β = 5 in case (B), respectively, in order to satisfy B → X s γ constraint even if the charged Higgs boson mass is in the light region. Each ellipse describes the 1σ results for the Belle (blue) [15, 16] , BABAR (black) [13, 14] , and LHCb (cyan band) [99] experiments and for HFAG (red) [93] , respectively. The pink lines correspond to the SM predictions within 1σ [103, 104] .
The light green line corresponds to the prediction of case (A). The charged Higgs mass varies between 300 GeV ≤ m H ± ≤ 1.0 TeV from left to right on the line. When (G Recently, it was proposed that the lifetime of B c can severely constrain the explanation of B → D * τ ν [105] , which heavily relies on the lattice calculation of the B c meson decay constant. It is shown that accommodation with R(D * ) using charged Higgs fields may be in strong tension with the observables in the leptonic decay B c → τ ν [105] . However, our model can evade the strong bound from B c → τ ν because it predicts small enhancement in B → D * τ ν. On the other hand, our model would be excluded if these excesses in the semileptonic decays B → D ( * ) τ ν are confirmed to be the signals of new physics in the future.
Exotic top decay
In our model, there are FCNCs involving top and charm quarks, as shown in Eq. (35) . The mixing parameter (G u R ) tc is estimated to be about O(0.01). However, the FCNCs of the neutral scalars may have enhancements from large tan β and top quark masses, so the flavor-violating top decay, t → ch, can get significantly large. The effective Lagrangian for the top decay t → ch is given by
The EWPOs require a SM limit where cos(α − β) is close to unity so that the flavorviolating coupling of h, whose mass is 125 GeV, vanishes in this limit. The exotic top decay, t → h c, has been investigated at the LHC experiments [106, 107] . The upper bound on the Yukawa couplings between top and charm quarks is about 0.1. Then, our model is still safe for the constraint, as far as sin(α − β) is less than O(0.1).
Note that (G u R ) tu is smaller than (G u R ) tc following Eq. (35) , so that the same-sign top signal, pp → tt, is highly suppressed in the current model, unlike the models considered in Refs. [10] [11] [12] . Table 4 : The extra chiral fermions for the anomaly-free conditions with (q 1 , q 2 ) = (0, 1). The bold entries "3" ("2") show the fundamental representation of SU(3) (SU(2)) and "1" shows singlet under SU(3) or SU(2).
EXTRA MATTER FIELDS
In our model, we considered extra U(1) flavor symmetry under which the SM fermions are charged, so we have to introduce extra chiral fermions in order to achieve anomaly-free conditions. There are several possibilities for the extra field contents. For instance, the additional fermions with the charge assignments given in Table 4 lead to anomaly-free U(1) gauge symmetry. Now we give the Yukawa couplings for the extra fermions involving Φ and H i :
In order to provide the mass terms for the extra fermions, we may have to introduce extra complex scalars which are SM singlets and carry U (1) charges. For instance, we can write the mass terms for the extra leptons and quarks as
where q e = −q 3 is assumed.
In this setup, Q L is not distinguished from Q i L , so we can give the Yukawa terms, Q L H 1û a R , which causes the mass mixing between the extra quarks and the SM quarks. We assume that the extra fermions are heavy, so the mixing effect is not relevant to our analysis. In any case, the extra quarks can decay through the mixing.
Similarly, we can also find the mixing terms in the lepton sector. For instance, L µ,τ carries the same charge asL 1 , so the Yukawa couplings, L µ,τ H 1 e R , are allowed. If we forbid the mass mixing terms, we will obtain dark matter candidates: that is, the neutral components of R µ,τ and L µ,τ .
Another important issue is how to obtain tiny neutrino masses and large lepton mixing. The flavor symmetry limits the Majorana mass matrix for right-handed neutrino, ν (1) and q e is defined as q e = −q 3 , we can write the Yukawa couplings for the neutrino masses as
Note that the Majorana masses of ν i R are also allowed by the flavor symmetry. A detailed study of the phenomenology involving the exotic fermions is beyond the scope of this paper and is left for future study.
SUMMARY
In this paper, we propose an extension of the SM with U(1) flavor gauge symmetry, motivated by the fermion mass hierarchy and the LHCb anomaly. In our model, U(1) charges are assigned to the SM fermions, and flavored Higgs doublets are introduced to obtain the observed fermion mass hierarchy. The alignment of the Yukawa couplings is controlled by the U(1) flavor symmetry, and the VEV alignment of the Higgs doublets realizes the realistic mass matrices for the observed fermions.
Moreover, the charge assignment in Table 1 can evade the strong bounds from the Drell-Yan process and the lepton flavor-violating µ and τ decays. We can also explain the LHCb anomaly in the B → K * ll, without conflict with the B s -B s mixing which is the strongest bound in our model.
In this setup, relatively large (t, c) elements of the Yukawa couplings of the neutral scalar Higgs bosons are predicted. This coupling is also related with the (b, c) element of the charged Higgs Yukawa coupling, which can affect R(D ( * ) ). Therefore we have also investigated R(D ( * ) ), where significant deviations from the SM predictions are reported by the Belle and BABAR collaborations. R(D) is easily enhanced by the (b, c) coupling, but R(D * ) cannot be large because of the stringent bound from B → X s γ. In fact, the strong constraint from B → X s γ is very strict if the charged Higgs mass is less than 1 TeV. If we require a vanishing (Y u ± ) st , we can discuss a light charged Higgs mass, but we need a more precise calculation, including a light quark mass contribution. We also discussed the flavor-violating top quark decay, t → ch. If the sensitivity of the LHC experiment to the (t, c)-Yukawa coupling reaches O(0.01), we could test our model in this process.
Finally, let us briefly comment on the physics associated with Higgs fields. Recently, the search for heavy scalar particles as well as the 125 GeV Higgs measurement has been well developed in the LHC experiments. Our predictions for both the heavy resonances and the 125 GeV Higgs are similar to the ones for the type-II 2HDM with Z [108] and small FCNCs involving top quark [109] .
* In our setup, we simply take the SM limit to avoid a conflict with the EWPOs, so our Higgs physics is almost the same as the one in the SM. Thus, the direct search for the scalar fields will be a good process for testing our model, although tan β ∼ O(10) is currently allowed as long as m A is heavier than 300 GeV [111] .
